Graphene and chemically modified graphenes were resolved by micellar electrokinetic chromatography (MEKC) using sodium dodecylbenzenesulfonate (SDBS) as a micelle matrix. Graphene was successfully dispersed in a micellar solution, and a consecutive and broad signal was obtained by the MEKC with a 20 mmol dm -3 aqueous SDBS solution for Graphene Nanoplatelets. Chemically oxidized graphene was less retained to the micelle than the Graphene Nanoplatelets by the proposed MEKC, and they were resolved with each other.
Introduction
Graphene is a class of two-dimensional carbon material, and its physical properties of nano-sized sheets are standing in the center of attention. 1 Raman spectroscopy is proposed for investigating and characterizing the electronic and structural status of the graphene carbons. 2 The electronic configuration, or the presence of defects, is discussed based on the Raman bands of G and D peaks. 2 Electrophoretic separation is a useful analytical method to characterize charged species. Graphene, especially graphene oxide, was characterized by two electrophoretic studies of capillary zone electrophoresis (CZE). 3, 4 The graphene was resolved by the CZE, and its net charge has been discussed based on the migration behavior. Graphenes easily aggregate in an aqueous solution by van der Waals interactions, and it has been recommended to use dilute ammonium acetate buffer to suppress this aggregation. 3 Micellar electrokinetic chromatography (MEKC) 5, 6 is also an electrophoretic separation method based on the partition/binding of an analyte to an anionic surfactant micelle. Substances are retained to the micelle and resolved by its hydrophobic character. In this study, MEKC separation was investigated in order to resolve graphene and chemically modified graphenes. A micelle-forming surfactant of sodium dodecylbenzenesulfonate (SDBS) was found to be useful to disperse graphene in an aqueous micellar solution, and to resolve the graphenes by MEKC.
Experimental

Reagents and chemicals
Graphene Nanoplatelets were purchased from XG Sciences (xGnP, grade C, 750 m 2 g -1 , Lansing, MI). The graphene was chemically oxidized by a modified Hummers' method using KMnO4 as an oxidant. 7, 8 The Graphene Nanoplatelets was also reduced with hydrazine. 9, 10 A separation buffer was prepared with 10 mmol dm -3 borax to control the pH at around 9 and with an anionic surfactant as the micellar medium. Anionic surfactants examined in this MEKC study were sodium 1-octanesulfonate, sodium 1-decanesulfonate, sodium dodecyl sulfate, sodium tetradecyl sulfate, sodium p-octylbenzenesulfonate, and sodium dodecylbenzenesulfonate.
Apparatus
An Agilent Technologies 3D CE was used as an MEKC system equipped with a photodiode array detector. A fused silica capillary attached to the system possessed dimensions of 64.5 cm in total length, 58 cm in effective length from the injection end to the detection point, and 50 μm inner diameter.
Procedure
It is reported that surfactant micelles are useful to disperse graphene in an aqueous solution. 11 In this study, the graphenes were dissolved in the micellar solution under ultrasonic agitation. The surfactant used and its concentration were matched with those in the separation buffer. Ethanol was added to the sample solution at an amount of 1% (v/v) to monitor the electroosmotic flow. Micellar electrokinetic chromatography was performed under 250 mbar·s of sample injection from the anodic end of the capillary, 20 kV of applied voltage, 25 C of capillary temperature, and 420 nm of the photometric detection wavelength.
Chromatograms were recorded on Agilent ChemStation software (Ver. 5.01).
Results and Discussion
Investigation of surfactants for MEKC
The anionic surfactants listed above were examined concerning micelle solubilization and MEKC of graphene at concentrations over its critical micelle concentrations. In the case of such surfactants as linear alkylsulfonates or alkyl sulfates, the number of shot signals increased with the extension of the alkyl chain length, but a clear broad signal was not obtained. A broad signal was obtained with p-octylbenzenesulfonate micelle. However, its signal shape was trapezoidal, rather than triangular or Gaussian shape signal, and the reproducibility of the signal shape was poor. When SDBS was used as a micelle matrix, a broad signal with a triangular or Gaussian shape was obtained. Thus, the most useful surfactant among them was SDBS (critical micelle concentration: 1.6 × 10 -3 mol dm -3 at 30 C 12 ). Chromatograms of Graphene Nanoplatelets are shown in Fig. 1 with varying concentrations of SDBS in the separation buffer. The MEKC signals of Graphene Nanoplatelets took a much longer migration time than the electroosmotic flow, and therefore graphene was retained to the anionic surfactant micelle. Shot signals emerged irreproducibly in the chromatograms because the aggregation occurred by chance. One of the aims of this study was to suppress the shot signals of the aggregates by micelle solubilization. It can be noticed in Figs. 1(a) to 1(d) that the shot signals were suppressed and that the graphene was detected as a consecutive and broad signal with increasing concentrations of SDBS. Because the Graphene Nanoplatelets consisted of wide variety of molecular size, volume and shape, the MEKC signal is broadened. A preferable MEKC signal with less shot signals of aggregate was obtained with the concentration of SDBS at 20 mmol dm -3 ( Fig. 1(d) ). However, the shot signals were observed again beyond the SDBS concentration, as in Figs. 1(e) to 1(i). High concentrations of ions would have promoted the aggregation of graphene, as observed in the concentration of ammonium acetate in a CZE study. 3 When 10 mmol dm -3 phosphate buffer (pH 7.0) was used instead of the borax in this MEKC study, the shot signals were serious, which would also be the result of increased ionic concentrations. The consecutive and broad MEKC signal around 12 -13 min increased in the concentration range of Graphene Nanoplatelets from 0.1 to 16 mg/mL. The reproducibility of the migration time of the consecutive MEKC signal was 3.5% (RSD, n = 7).
To investigate the usefulness of SDBS as an MEKC surfactant, sodium benzenesulfonate at 30 mmol dm -3 and sodium naphthalene-2-sulfonate at 10 mmol dm -3 were examined as dispersing agents and CZE modifiers, if π-π interaction would work. While the CZE signal was silent with benzenesulfonate ion, some anionic shot signals were observed for Graphene Nanoplatelets with the naphthalene-2-sulfonate ion. Naphthalene-2-sulfonate ion had become attached to the graphene aggregates, and a negative electrophoretic mobility would have been generated. A synergistic effect of micelle solubilization and π-π interaction of SDBS would have functioned on the MEKC.
MEKC of graphene and chemically modified graphene
Chemically modified graphenes were prepared as in a reported manner [7] [8] [9] [10] and examined by the present MEKC. The results are shown in Fig. 2 . It is noted from the electropherograms (a) -(c) that the migration time of graphene became a little slower by reduction (b) and faster by oxidation (c). The results agree with the MEKC retention that more hydrophobic substances are strongly retained to the anionic micelle. Mixtures of Graphene Nanoplatelets, reduced and oxidized graphenes were analyzed as in Figs. 2(d) and 2(e) . While oxidized graphene was well resolved from Graphene Nanoplatelets and reduced graphene, Graphene Nanoplatelets and reduced graphene were not resolved. The result is accounted for from the fact that Graphene Nanoplatelets is a kind of reduced graphene.
